marks the beginning of our understanding of the effects of inflammatory factors secreted by macrophages on metabolic processes. The mechanism underlying this new concept lies at the intersection of inflammatory and insulin signaling pathways (reviewed in 5, 6 ). In the mid-1990s, it was discovered that inflammatory mediators, including TNF-a, IL-6, iNOS, and CCL2, are elevated in obese compared to lean AT (7) (8) (9) (10) . Furthermore, it was discovered that genetic deficiency of TNF-a (11, 12) , iNOS (9) , and JNK1 (13) improve systemic insulin sensitivity in obese models. These studies gave insight into the possible role of adipose tissue (AT) inflammation in metabolic homeostasis.
Macrophages are the inflammatory source in adipose tissue
Despite the growing body of evidence linking inflammation and metabolism, the cellular sources of inflammatory mediators in AT were unknown. Localization of macrophages to AT had been mentioned by several groups (14) (15) (16) (17) ; however, the functional contribution of AT macrophages (ATMs) to obesity-related metabolic diseases remained unappreciated. In 2003, two seminal manuscripts were published by Weisberg et al. (18) and Xu et al. (19) . These groups used microarray analysis to establish differences in gene expression between AT from lean and obese mice. They found many differences in genes related to macrophages including surface markers and secreted products. Separation of AT into its two primary components, the stromal vascular fraction (SVF) and adipocytes, showed that canonical macrophage inflammatory genes are most highly expressed in the SVF of obese AT. Flow cytometry and immunohistochemical analyses confirmed the increased presence of macrophages in AT of obese mice. Importantly, this increase in ATMs occurs independently of the etiology of obesity: monogenetic forms of obesity and diet-induced obesity both result in increased ATMs (18, 19) . Notably, this dramatic accumulation of macrophages was not found in liver, muscle, lung or spleen (19) . In addition, human subjects displayed a similar elevation in macrophages in obese compared to lean individuals (18) . Thus, these two groups unequivocally demonstrated that macrophage number and inflammatory potential increase in AT in obesity (Fig. 1) . While this review article focuses on macrophages, it should be noted that nearly every type of immune cell is present in AT, with their phenotypes and proportions changing in obesity (reviewed in [20] [21] [22] [23] .
Relevance of ATMs to metabolic disease
As Dixit points out in his commentary (24) , 1 g of AT can contain up to 5 million stromal vascular cells, greater than 50% of which are leukocytes. Thus, even in lean individuals, AT cannot be excluded as a major contributor to systemic immune regulation -including immunometabolism. The newly discovered increase in pro-inflammatory macrophages has significant implications for insulin resistance and metabolic disease associated with obesity. In fact, Xu et al. (19) showed that the increased AT inflammatory response in obesity preceded rises in plasma insulin, an indication of insulin resistance. Macrophages can impact AT function (i) by inducing adipocyte insulin resistance leading to dysregulation of basal lipolysis and ectopic lipid storage; (ii) by inducing adipocyte chemokine and cytokine production; or (iii) by impacting AT expansion capacity during obesity. Thus, continued exploration of ATM function in lean and obese conditions enables a better understanding of how AT impacts systemic insulin action and glucose metabolism. Obesity-related accumulation of ATMs in humans is less robust than in mice, but it has been clearly demonstrated by multiple groups (25) (26) (27) (28) . The majority of human ATMs accumulate in omental rather than subcutaneous depots (27) (28) (29) . Importantly, omental ATMs have been shown to correlate positively with fasting glucose and insulin levels, suggesting a link between AT inflammation and metabolic disease (27, 30) . In addition, it has been demonstrated that weight loss decreases macrophage content in omental AT, improving glucose homeostasis (29) . Thus, the preponderance of current literature supports a role for ATMs in metabolic homeostasis in rodents and humans.
AT macrophage heterogeneity
It was noted in publications by Weisberg and Xu (18, 19) that lean AT also contains macrophages, albeit at lower levels than obese AT. Thus, researchers became interested in the phenotypic differences between ATMs in lean and obese AT. Although macrophage phenotypes span a continuum and no single system of nomenclature can provide all of the required definitions, investigators have gravitated to identifying ATMs as either M1-like or M2-like. Regardless of the nomenclature used, pioneering investigators in the AT field have pursued the notion that resident M2-like ATMs have a role in AT homeostasis, while recruited M1-like macrophages contribute to inflammation and insulin resistance. For this review, we utilize the M1/M2 nomenclature with the acknowledgement that a multitude of ATM phenotypes exist.
M1 and M2 categorization
M1 or 'classically activated' macrophages are produced upon exposure to T-helper 1 (Th1) type cytokines or inflammatory mediators such as IFNc and LPS. Thereafter, they generate reactive oxygen species and release inflammatory cytokines such as TNF-a or IL-6. M2 or 'alternatively activated' macrophages are produced upon exposure to Th2 cytokines such as IL-4 and IL-13 and express factors including IL-10 and arginase (31, 32) . Macrophage fuel utilization varies by polarization as M1 macrophages primarily utilize glucose, whereas M2 macrophages utilize fatty acids (33, 34) . Throughout the body, M1 macrophages are involved in inflammatory processes (such as combating infectious agents), while M2 macrophages play a role in immunosuppressive activities (such as tissue repair). Polarization of macrophages in AT is thought to confer similar properties. For example resident M2 macrophages likely contribute to AT homeostasis, while M1 macrophages in obese AT likely promote inflammation leading to insulin resistance. These properties are discussed in detail below. Although there is no standard set of markers to identify M1 versus M2 ATMs, we have compiled a list of markers most encountered in the literature ( Table 1) .
FBs and FBCs categorization
Another system of nomenclature for identifying resident versus recruited ATMs is based on their expression of F4/80, CD11b, and CD11c. Lumeng et al. (35) observed that macrophages in lean AT primarily express F4/80 and CD11b, while those in obese AT also expressed CD11c. Thus, although CD11c is traditionally used as a dendritic cell marker, in the context of AT inflammation, it designates the pro-inflammatory ATMs recruited in obesity (35, 36 well, even though their proportion compared to M1 ATMs decreases (40) . Not all of the macrophages within the CLSs are M1 macrophages; and in fact, M2 ATMs are retained in obesity and can be found interstitially spaced and in CLSs (35, 39) . In addition, CD11c + ATMs in obese mice express varying levels of Mgl1, indicating a broad range of phenotypes in AT (40) . During AT expansion in obesity, the M2 macrophages may be needed to clear dead adipocytes (38) , remodel matrix proteins, and promote angiogenesis. Thus, even in obesity, M2 macrophages may have a unique function with regards to AT homeostasis. PPARd has also been shown to play a role in M2 polarization of ATMs (49, 50) . A detailed description of transcriptional regulation of M1 and M2 macrophages can be found in a review article by Olefsky and Glass (6).
Macrophage polarization in human AT

Adipokines
Adipokines locally secreted from adipocytes in the AT can directly alter macrophage polarization. Adiponectin is an insulin-sensitizing adipokine produced by adipocytes in concentrations that are inversely correlated with the degree of adiposity. Ohashi et al. showed that exposure to recombinant adiponectin resulted in an increase in M2-like phenotype in human and mouse macrophages (51) . In fact, Arg1 expression in macrophages treated with adiponectin is elevated to the same degree as in cells treated with IL-4, and the effect of adiponectin and IL-4 co-stimulation on Arg1 is additive. Furthermore, the SVF from adiponectin knockout mice has increased M1 markers and decreased M2 markers. Other groups have also demonstrated a role for adiponectin in macrophage polarization, specifically through a PPARa/ STAT6-mediated mechanism (52, 53). reporter mice to show that eosinophils are the primary IL-4 expressing cell in AT, thereby playing a role in driving M2 differentiation.
IL-4/IL-13 from adipocytes and other immune cells
Unsaturated fatty acids
Macrophages in AT are exposed to various types of fatty acids released from adipocytes in both basal and demand lipolysis. The degree of fatty acid saturation greatly impacts macrophage polarization: saturated fatty acids (SFAs) induce an M1-like phenotype while unsaturated fatty acids (UFAs) induce an M2-like phenotype. For example, we have shown that macrophages treated with the UFA oleic acid express increased levels of the M2-markers Clec10a and Cd163 (56) . Even more effective at promoting M2 polarization are very long chain omega-3 polyunsaturated fatty acids (PUFAs). The fish oil-derived eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) strongly promote the alternative activation of macrophages. In vitro treatment of macrophages with EPA and DHA results in an M2-like phenotype, exhibiting reduced pro-inflammatory gene expression and increased anti-inflammatory gene expression (57) (58) (59) . We (60, 61) and others (62) (63) (64) have shown that supplementation of mice with dietary fish oils reduced AT expression of pro-inflammatory genes while increasing adiponectin expression.
Beyond direct effects of EPA and DHA, some of their metabolic products have also been shown to promote M2-like polarization. For example, dietary fish oil reduces tissue levels of the pro-inflammatory arachidonic acid metabolite F 2 -isoprostane and increases tissue levels of the anti-inflammatory EPA and DHA metabolites F 3 -and F 4 -isoprostanes (60) . It is possible that these EPA and DHA metabolites contributed to the reduced AT inflammation associated with fish oil supplementation. In addition to F 3 -and F 4 -isoprostanes, omega-3 PUFAs are metabolized into bioactive lipids such as resolvins, protectins, and maresins (reviewed in 65). Spite et al. showed that treatment of obese leptin receptor deficient mice with resolvin D1 results in an increase in MGL-1 + CD11c À ATMs, implicating that resolvin D1 promotes M2 polarization (66) .
Mediators of M1 polarization
Reports from both Weisberg et al. (18) and Xu et al. (19) describe the inflammatory nature of macrophages in obese AT. Based upon the knowledge that inflammatory cytokines can induce insulin resistance in multiple cell types -including adipocytes -subsequent studies focused on blocking inflammatory pathways to ameliorate AT insulin resistance. Extracellular signals that can induce inflammatory signaling pathways include cytokines, lipids, and other molecules that activate pattern recognition receptors in ATMs. With regards to intracellular signaling pathways, the TLR4, NF-jB, and JNK pathways as well as the NLRP3 inflammasome have all been areas of relevance to ATMs, specifically M1 polarization.
Lipid-mediated activation of ATMs
ATMs are exposed to excess lipids via at least three different routes: delivery from dietary chylomicrons, basal and demand lipolysis from adipocytes, and adipocyte cell death. Subsequent to dietary fat ingestion, chylomicrons and chylomicron remnants are routed to AT where lipoprotein lipase facilitates release of fatty acids for uptake and storage in adipocytes. Fatty acids from very low density lipoproteins (VLDLs) can also be delivered to AT for storage. Our laboratory reasoned that in obesity, hyperlipidemia could result in increased exposure of ATMs to lipolyzed fatty acids, thereby promoting inflammation in a paradigm similar to what is known for arterial macrophages in atherosclerotic lesions. In support of this, we have shown that exposure of macrophages to VLDL (67) and SFAs (68) induces secretion of pro-inflammatory cytokines, typical of an M1-like phenotype. We therefore sought to test the hypothesis that delivery of excess lipids to the AT in a hyperlipidemic state would increase ATM numbers and inflammatory potential. We crossed the obesity-prone agouti yellow mice (Ay/a) with hyperlipidemia-prone low density lipoprotein receptor deficient mice to develop an obese hyperlipidemic model (69) . Despite the extreme hyperlipidemia, macrophage accumulation in AT and inflammatory status was related only to the obesity of the mice and not the hyperlipidemia. We therefore concluded that plasma lipid quantity does not impact macrophage accrual or inflammation in AT. It is known that AT takes on the fatty acid composition of the diet (70) . Therefore, ATMs are exposed to the fatty acids that have been consumed. This implies that dietary SFAs could promote inflammatory pathways and M1 polarization. SFAs have been implicated in activating transcriptional signaling pathways that lead to M1 polarization via TLR4 (58, 71, 72) . Suganami et al. published two reports (73, 74) in which they proposed the idea that macrophages and adipocytes act in a paracrine loop of inflammation and insulin resistance. Their theory holds that inflammatory cytokines released from macrophages, such as TNF-a, induce insulin resistance in adipocytes that results in uncontrolled release of fatty acids. These fatty acids further activate macrophages to release additional inflammatory cytokines. This creates a continuous cycle of cytokine production by macrophages and fatty acid release by adipocytes. Furthermore, their data demonstrated this cycle is interrupted when macrophages cannot activate TLR4 pathways. In vitro studies from our laboratory (68, 75) have shown that SFAs can induce inflammation, ER stress, and apoptosis in primary peritoneal macrophages. Interestingly, in our hands these effects did not require the presence of TLR4 or TLR2, indicating other mechanisms by which SFAs induce inflammatory pathways in macrophages. Regardless of the role of SFAs in macrophage polarization, we have shown that TLR4 deficiency promotes an M2-like phenotype (76) . Despite a few inconsistences, the observation that fatty acids can activate inflammatory pathways in macrophages has important relevance to the polarization of ATMs, and to their contribution to metabolic consequences of obesity.
In addition to extracellular exposure to fatty acids, ATMs may also take up and store lipids released from adipocytes. In genetic and diet-induced obesity, pro-inflammatory macrophages have greater lipid content compared to anti-inflammatory macrophages (48) . This finding suggests a greater propensity for M1 ATMs to accumulate excess lipid in AT, or conversely, that lipid accumulation promotes the formation of M1 ATMs. In support of this idea, it was shown that foam-like ATMs have increased triglyceride (TG) stores, containing more relatively short-chained saturated lipid species (48) . Furthermore, PPARc agonists reverse the effects of toxic lipid species on ATMs by decreasing total lipid storage, promoting preferential storage of unsaturated long chain containing TGs, and inducing an anti-inflammatory phenotype (48) . An alternative view is that SFAs in AT not only induce an inflammatory polarization but also induce lysosome biogenesis associated with lipid catabolism (77) .
Adipocyte death may also contribute to lipid-related changes in ATM phenotype. Phagocytic ingestion of dead cells results in lipid droplet accumulation in ATMs (38) . In fact, macrophages that surround dead adipocytes display a morphology similar to that of foam cells in atherosclerotic plaques (38, 47, 75, 78) , although they most likely contain TG rather than cholesterol (47) . Thus, lipid debris from dead adipocytes could also be lipotoxic to the ATMs promoting inflammation and M1 polarization.
While uncontrolled lipid accumulation in macrophages is generally shown to promote inflammation, other studies have demonstrated that proper lipid storage promotes an anti-inflammatory ATM phenotype. Acyl CoA: diacylglycerol acyltransferase (DGAT) is an enzyme involved in TG synthesis. Transgenic overexpression of DGAT in adipocytes and macrophages using the ap2 promoter decreases the number of CLSs and inflammatory gene expression in ATMs (79) .
TLR4-mediated activation of ATMs
TLR4 is the established receptor for LPS, and its downstream signaling pathways leading to NFjB activation are wellestablished (reviewed in 80). The portion of LPS that is thought to bind TLR4 is the polyA tail containing several SFA side chains. Based upon this knowledge, Hwang et al. demonstrated that SFAs activate TLR4 signaling pathways in macrophages (72) . Furthermore, exchanging SFAs on the polyA tail with PUFAs reduces activation by LPS. Subsequent studies have supported this finding (71, 81) , but concerns have been raised as to whether slight LPS contamination of the BSA used as a carrier for the fatty acids was responsible for the effects (82) . In fact, it has recently been shown that SFAs do not directly bind TLR4 (83); rather, Fetuin-A is the endogenous TLR4 ligand (84) . Pal et al. demonstrated that SFAs bind Fetuin-A rather than TLR4 itself and suggested that a ternary complex between the three is required for activation of the pathway.
Many in vivo studies have focused on the role of TLR4 in obesity-related inflammation and insulin resistance with varying results ( not UFA. In addition, Saberi et al. (88) showed that when TLR4 is exclusively removed from hematopoietic cells, mice become resistant to HFD-induced AT inflammation and systemic insulin resistance. Despite these reports demonstrating a protective effect of TLR4 deficiency against AT inflammation and systemic insulin resistance, our studies did not recapitulate these observations (76) . We fed male TLR4 À/À mice (backcrossed 10 times into C57BL/6 background) and their littermate controls, a HFD enriched in either monounsaturated fatty acids or SFAs. In contrast to the previous reports, our studies demonstrated TLR4 À/À mice had reduced food intake accompanied by reduced weight gain on both HF diets. We detected very little change in inflammatory cytokine expression in AT of TLR4 À/À mice, although they did have a significant increase in mRNA and protein levels of M2 markers such as Mgl1, Mgl2, and mannose receptor. We also performed bone marrow transplantation studies to determine the contribution of hematopoietic versus parenchymal TLR4 deficiency on AT and detected only modest increases in M2 markers. Jia et al. (89) also showed that myeloid deficiency of TLR4 has no impact on inflammatory gene expression in AT and in fact resulted in increased circulating inflammatory cytokines. Thus, the role of macrophage TLR4 in AT inflammation is still not clear.
Inflammasome-mediated activation of ATMs
ATMs can activate many pathways that promote secretion of pro-inflammatory cytokines in response to pathogens through pattern recognition receptors such as the Toll-like receptors. This can also be achieved through recognition of danger-associated molecular patterns (DAMPs 
NF-jB-mediated activation of ATMs
NF-jB is a multi-subunit transcription factor composed of Rel subunits such as RelA (p65), RelB, c-Rel, p50, and p52, which form various homo-and hetero-dimers that bind DNA to induce transcription of a plethora of genes. The p65/p50 heterodimer is the most common form of NF-jB and regulates transcription of inflammatory genes in many cell types, including macrophages. NF-jB activation is regulated by its activators I kappa kinases (IKKs) and its inhibitor IjBa. Common obesity-related stimuli such as TNFa, LPS, and other inflammatory cytokines can induce activation of the NF-jB pathway to promote even further inflammation. In this regard, researchers have been interested in ATM NFjB activation. Dampening of the NF-jB pathway has been known for some time to improve systemic insulin sensitivity (93); however, AT-specific effects of NF-jB were not discovered until more recently. Using NF-jB reporter mice, Chiang et al. (94) demonstrated HFD-fed mice displayed a twofold increase in luminescence in the AT depots compared to chow-fed controls. Furthermore, they demonstrated that ATMs from obese mice have increased IKK and NF-jB activity compared to ATMs from their lean counterparts. Upon closer examination by confocal microscopy, it was shown that luciferase illumination and nuclear localization of the NF-jB p65 subunit was only enriched in ATMs in HFD-fed mice.
Manipulating upstream IKK activators of NF-jB has been a major focus in understanding the role of NF-jB-induced activation of inflammatory pathways in ATMs. For example, mice lacking IKK-b in myeloid cells retain insulin sensitivity; however, whether this protection is due to reduced ATM inflammation was not determined (95) . Another IKK, IKKe, was shown to be significantly upregulated in pro-inflammatory ATMs of HFD-fed mice compared to controls. Furthermore, IKKe deficiency attenuated inflammation and insulin resistance in HFD-fed mice (94) .
Regarding lipid-mediated activation of ATMs, SFAs have been suggested to modulate NF-jB activation in ATMs. As noted above, exposure to SFAs and PUFAs resulting in inflammatory or anti-inflammatory polarization of ATMs has been extensively studied. Although the mechanism remains to be determined, many studies suggest that SFAs activate NF-jB pathways in macrophages promoting an inflammatory phenotype. Reports from Suganami et al. (74) have shown that treatment of macrophages with the SFA palmitate significantly induces NF-jB activation. This activation was followed by a significant increase in expression of NFjB regulated inflammatory molecules TNF-a and CCL2. Thus, NF-jB activation is a likely player driving the M1 phenotype in ATMs; however, more studies are needed to address the role of NF-jB in ATM homeostasis.
JNK-mediated activation of ATMs
C-Jun NH 2 -terminal kinases JNK1 and JNK2 are considered to be key players in ATM inflammation. Macrophages activate JNK in response to stress and inflammatory stimuli. JNK is also known to be elevated in obesity, while global deficiency of JNK preserves insulin signaling and improves insulin sensitivity (13) . Because JNK itself phosphorylates insulin receptor substrates, it can directly impair insulin signaling pathways and induce insulin resistance. Therefore, investigators hypothesized that pharmacologic or genetic deletion of this pathway in macrophages would reduce inflammation and improve insulin sensitivity. Indeed, an early report showed that the JNK1 deficiency in hematopoietic cells protected against obesity-induced insulin resistance (96) . This occurred concomitantly with a reduced inflammatory response of JNK1 À/À macrophages to SFA stimulation. However, Hotamisligil's group used similar bone marrow transplantation studies and showed that parenchymal -but not hematopoietic -deficiency of JNK1 is responsible for changes in ATM numbers and improvements in insulin sensitivity. Although, the recipients of JNK1 À/À marrow had reduced AT expression of some inflammatory genes (97) . These findings were recapitulated by Sabio et al. (98), who showed that myeloid-specific deficiency of JNK1 did not impact systemic glucose and insulin tolerance. Differences between the studies may have been due to more severe obesity in animals studied by Solinas et al. (96) . A more recent study by Han et al. (99) utilized macrophage-specific JNK1 and JNK2 double knockout mice and demonstrated that mice deficient for JNK1 and JNK2 in their macrophages are protected from macrophage infiltration into AT and systemic insulin resistance. Their results suggest that JNK1 and JNK2 have some redundancy and that deficiency of both is required to see beneficial changes in ATM inflammation and in systemic insulin resistance.
Mechanisms for macrophage accrual in AT
The number of cells that accumulate in any given tissue can be theoretically attributed to fluxes in at least four different mechanisms: recruitment, egress, proliferation, or apoptosis (Fig. 2) . Although the overwhelming number of studies in AT have focused on the recruitment side of the equation, there is evidence in the literature for all four of these mechanisms contributing to macrophage accumulation in AT. We have divided our discussion of this topic into recruitmentdependent and recruitment-independent mechanisms.
Recruitment-dependent pathways of macrophage accrual in AT
After the discovery of increased macrophages in obese AT, Weisberg et al. (18) performed traceable bone marrow transplants in newly obese mice to determine the origin of ATMs with obesity. These studies demonstrated that the majority of the macrophages in the obese AT are bone marrow derived, and thus, recruited. Since this landmark publication, many studies have aimed to identify the major factors responsible for monocyte recruitment, underlying ATM accumulation during AT hypertrophy. These factors include adipocyte death, chemokines, adipokines, and lipids.
Adipocyte death
Hypoxia can occur in AT when adipocytes expand in excess of microvasculature growth, or when adipocyte size exceeds the diffusion of nutrients, leading to adipocyte cell death (reviewed in 100). Similar to macrophage functions in other tissues, it has been hypothesized that ATMs are recruited to phagocytose cellular debris following adipocyte apoptosis. This can be visualized in the CLS in obese AT. The clearance of dead adipocytes is driven by inflammatory cytokines and classically activated macrophages, and the presence of these macrophages may contribute to collagen deposition and AT fibrosis in mice (101) .
Chemokines/chemokine receptors
In humans and mice, expression of many different chemokines and chemokine receptors is elevated in obese compared to lean AT (18, 19, 102) . The MCP1 (CCL2)/CCR2 chemokine/chemokine receptor axis is one of the most potent for monocyte recruitment in inflammatory settings.
Further support for a potential role of CCL2/CCR2 in ATM recruitment stems from the fact that AT gene expression of CCR2 and its ligands (CCL2, CCL7, and CCL8) is increased 2-to 7-fold in obese compared to lean mice (103) . Thus, several groups have assessed CCL2 and CCR2-deficient mice to determine whether ATM recruitment is reduced. Kanda et al. (104) showed increased levels of CCL2 both in AT and plasma of obese mice corresponding with increased AT macrophage content, and identified adipocytes as one source of CCL2. Transgenic AT-specific overexpression of CCL2 increases AT macrophage infiltration, insulin resistance, fasting blood glucose, serum free fatty acid (FFA), and hepatic steatosis, even in the lean state. From the other end of the spectrum, CCL2
À in their AT early after HFD-feeding (109) . The contribution of these unique CCR2 deficiency-related eosinophils to AT inflammation is not known. Several groups have also used antagonists of CCR2 and quantified effects on ATM numbers. Weisberg et al. (103) showed that 2 weeks of CCR2 antagonism with the smallmolecule INCB3344 is sufficient to reduce ATM content and to improve insulin sensitivity. Another CCR2 antagonist, CCX417 has also been shown to ameliorate CD11c + macro- Fig. 2 . Multiple mechanisms exist for macrophage recruitment to adipose tissue. Many publications have focused on recruitmentdependent mechanisms that can account for adipose tissue macrophage accrual. In addition, there is recent evidence for recruitmentindependent mechanism such as apoptosis, proliferation, and egress to also contribute to total adipose tissue macrophage numbers.
phage recruitment to AT and to improve systemic insulin action (108) . Finally, a third CCR2 antagonist propagermanium has been shown to reduce macrophage numbers and to shift the polarization of the remaining ATMs from M1 to M2 (110) . Many other chemokines and their receptors have also been studied with regards to their role in macrophage recruitment to AT. Similar to the findings with CCL2 and CCR2, the results have been mixed. For example, CCR5 is the receptor for CCL3 (macrophage inflammatory 1a), CCL4 (macrophage inflammatory 1b), and CCL5 (RANTES). Our laboratory (111, 112) has shown no effect of CCL3 or CCR5 deficiency on macrophage recruitment to AT. However, Kitade et al. (113) reported that CCR5 deficient mice have reduced ATM numbers and inflammatory gene expression, resulting in improved insulin sensitivity.
Leptin
Like adiponectin, leptin is secreted primarily from adipocytes, although its secretion is in proportion to AT mass. Furthermore, while adiponectin is an insulin-sensitizing adipokine that has been implicated in M2 polarization as previously discussed, leptin is generally considered to be pro-inflammatory. Furthermore, ATM numbers correlate with plasma leptin concentrations (69) . Thus, we and others considered whether leptin could mediate the recruitment and inflammatory status of ATMs. Curat et al. (26) demonstrated that leptin activation of endothelial cells induces monocyte transmigration. Using in vitro migration assays, we demonstrated that at physiological concentrations, leptin acts as a potent monocyte chemoattractant, requiring the presence of leptin receptors on the migrating cells (114) . We hypothesized that an inability of macrophages to respond to obesity-related changes in leptin gradients would prevent macrophage accrual in AT during HFD feeding. To test this hypothesis, we reconstituted wildtype mice with leptin receptor deficient (LepR À/À ) marrow and placed them on a HFD (115) . However, we detected no differences in the number or phenotype of their ATMs. We also used LepR À/ À CCR2 À/À double knockout bone marrow donors to amplify the potential impact of LepR deficiency. However, LepR À/À CCR2 À/À reconstituted mice also had no significant changes in ATM presence or phenotype following HFD feeding. In contrast, Dib et al. (116) recently reported that mice reconstituted with LepR À/À marrow have reduced weight gain and ATM accrual. A thorough discussion of the differences between these leptin studies is provided in a published commentary (117).
Lipids
As previously discussed, it is known that various fatty acids can alter the inflammatory potential of ATMs. Furthermore, ATMs in expanding AT form multinucleated syncytia filled with large lipid droplets (38) and increased expression of genes associated with lipid metabolism (39) . In fact, lipolysis (pharmacologically induced or through short-term fasting) is associated with increased macrophage recruitment to AT (78) . The levels of FFAs in circulation are also positively associated with increased AT chemokine expression and lipid uptake by ATMs. Inversely, reduced lipolysis (through genetic or dietary means) leads to reduced accumulation of macrophages in AT. Furthermore, blocking lipolysis prevents macrophage influx into AT. These findings suggest that as ATMs accumulate lipids they take on a foam-like state so that they can function to buffer local increases in lipid concentrations.
Summary of recruitment-dependent mechanisms for macrophage recruitment to AT
Some of the studies discussed above demonstrate that the absence of a single chemokine or chemokine-like molecule can substantially impact macrophage accumulation in AT; however, results are not consistent from laboratory to laboratory. In the case of chemokine-mediated recruitment of macrophages to AT, it is likely that chemokines have redundant roles and can compensate for one another.
Ultimately, it appears that no single chemokine or factor is single-handedly responsible for the recruitment of circulating monocytes to AT. Likewise, recruitment may not be the only explanation for M1 ATM accumulation associated with increased adiposity; in some situations, recruitment-independent mechanisms may prevail.
Recruitment-independent pathways of macrophage accrual in AT (118) . Furthermore, in CCR2 À/À mice, a difference in number of ATMs is only detected after prolonged periods of HFD feeding (103, 109) . If circulating Ly6C hi monocytes are the cells recruited to AT in obesity, CCR2 À/À mice would be expected to have dramatic reductions in ATMs even early after HFD-feeding. Thus, recruitment-independent mechanisms for macrophage accrual in AT have been the topic of recent publications. These studies demonstrate a role for apoptosis, proliferation, and retention in driving ATM accumulation in obese AT (Fig. 2) .
Apoptosis
Apoptosis is a common mechanism for cell turnover in many tissues. The possibility of ATM apoptosis being important for maintenance of AT homeostasis is suggested by two lines of evidence. First, clodronate liposome-mediated depletion of ATMs from obese mice reduces AT inflammation and improves insulin sensitivity (119, 120) . These data indicate that loss of M1 inflammatory macrophages can improve AT function. In support of the relevance of this observation to humans, Kern et al. (121) have shown that treatment of humans with the insulin-sensitizing drug pioglitazone reduces the number of macrophages in AT via apoptotic mechanisms. Whether apoptosis of resident macrophages in lean AT controls their turnover has yet to be determined.
Proliferation
Proliferation has only very recently been shown to contribute to increased ATM content in obese AT. Two groups published the novel finding that macrophages in obese AT proliferate at higher rates than those in lean AT (122, 123) . Using Ki67 and EdU staining coupled with immunofluorescence and flow cytometric assays, Amano et al. (122) demonstrated that 10-17% of ATMs are proliferating in obese ob/ob or diet-induced obese mice. This process is not impacted by the presence or absence of circulating monocytes and does not occur in other organs such as liver, spleen, or blood. CCL2 was determined to be a likely ATspecific macrophage proliferation cue. A concurrent report by Hasse et al. (123) similarly demonstrated that macrophages in AT proliferate at higher rates in obese compared to lean mice. In both studies, the proliferation was shown to occur mostly in the CLS-localized ATMs. However, Hasse et al. (123) uniquely observed that the proliferating ATMs expressed markers of M2 rather than M1 polarization. With only two major studies addressing ATM proliferation, many questions remain regarding the contribution of proliferation to ATM numbers and will certainly be the topic of future investigation in the field.
Retention
Moore and colleagues (124) have given the first insight into the role of retention in the accumulation of macrophages in obese AT. Their studies focus on the neuronal molecule Netrin-1 and its target receptor Unc5b. Activation of Unc5b by Netrin-1 results in chemorepulsive signaling that decreases cell migration out of tissues. Interestingly, they reported increased expression of Netrin-1 and Unc5b in AT of mice fed HFD compared to chow-fed controls. This expression was localized to CLSs in the AT. Interestingly, this localized expression was also seen in AT from obese humans. Importantly, they showed that hematopoietic Netrin-1 deficiency facilitates macrophage egress from AT. The model outlined by the Moore group suggests that Netrin-1 promotes defective ATM migration and accumulation in AT by blocking chemokine induced migration. Egress of macrophages from other sites such as atherosclerotic plaques has also been studied by several groups, but controversy remains as to the contribution of egression to lesional macrophage content during progression and regression of atherosclerosis (reviewed in 125). Because resident macrophages poorly egress from most tissues, it will be important for future studies to address the degree to which ATM egression impacts their total numbers and inflammatory potential in AT and whether signals other than Netrin-1 and Unc5b are involved. Overall, this is the first study of its kind, and introduces the innovative idea of egress signaling in ATM accumulation.
Summary of recruitment-independent mechanisms for macrophage recruitment to AT
In the past couple of years, immunometabolism investigators have expanded their thinking and experimental design to embrace the idea that recruitment-independent mechanisms may also play a role in macrophage accrual in AT during obesity. The relative contribution of all of these mechanisms is likely context dependent, overlapping, and complicated to decipher. It will be interesting to see what other molecules contribute to apoptosis, proliferation, and retention based on new exploration in coming years.
Role of resident macrophages in lean AT homeostasis
Since the discovery of obesity-associated increases in ATMs, most published work has focused on the contribution of these inflammatory CLS-associated macrophages to metabolic diseases. In contrast, the contribution of resident M2-like macrophages to AT homeostasis has been relatively unexplored. A simplistic view holds that resident ATMs maintain an anti-inflammatory state in the AT, and thus protect against tissue insulin resistance. However, more complex roles have been suggested. Hypothesized roles for resident ATM include AT development and expansion, iron metabolism, antigen presentation, and catecholamine synthesis (Fig. 3) . It is likely that not only the increase in inflammatory M1 macrophages but also the decreased homeostatic function of the resident M2 macrophages contributes to dysregulation of AT homeostasis in obesity.
AT development and expansion
ATMs contribute to AT development and expansion by influencing angiogenesis and adipogenesis. In vivo, confocal imaging has shown that lectin-binding CD68 + F4/ 80 + CD34 + macrophage-like cells are present in adipogenic clusters in the developing fat pads of young mice (126) . Importantly, depletion of macrophages impairs angiogenesis and adipogenesis, implicating an important role for resident macrophages in AT development. In adult mouse epididymal AT, the fat pad tip is the primary site of AT hyperplasia and contains a dense vascular network. Macrophages are recruited to this area in a CCL2/CCR2-independent manner (127), and are required for angiogenesis and outgrowth of the AT. Together, these data implicate a role for resident ATMs in AT development, expansion, and possibly even remodeling.
Iron metabolism
An emerging function of M2 macrophages is in iron handling. Although M1 macrophages are known to sequester iron as a bacteriostatic mechanism, M2 macrophages have recently been shown to have increased capacity to import and export iron, implicating a role in iron recycling (128, 129) . This has in vivo relevance to hemorrhagic atheroscle- rotic plaque rupture, where macrophages take up hemoglobin-haptoglobin complexes via CD163, the hemoglobin-haptoglobin scavenger receptor (130, 131) . These specialized macrophages are protected from oxidative stress and are anti-inflammatory, despite being iron-loaded. CD163-expressing macrophages also upregulate cholesterol efflux genes. They do this presumably to protect themselves from lipid overload, thereby preventing lipid peroxidation in the face of iron-overload (131, 132) . In concordance with a role for macrophages in iron handling, we have shown that 25% of ATMs in lean mice have a twofold increase in iron content, making them ferromagnetic (56 
Antigen presentation
Although not a focus of this review article, T cells play a role in AT homeostasis and in the inflammation associated with obesity. It has been shown that ATMs present MHC-II restricted antigens to T cells and can promote the proliferation of IFN-c-producing CD4 + T cells in AT (133) . Antigen presentation appears to be a function of both M2-like and M1-like ATMs. In obesity, most of the MHC-II expression was in ATMs in CLSs. In addition, ATMs from human AT have been shown to express the lipid antigen-presenting molecules Cd1b and Cd1c (42) .
Catecholamine synthesis
Thermoregulation is another unique function of resident ATMs. Chawla et al. (134) demonstrated that cold exposure promotes the alternative activation of macrophages in brown and white AT. Catecholamine synthesis by these M2 ATMs induces lipolysis in white AT and thermogenic gene expression in brown AT. The cumulative effect is that brown AT then has a fuel source and machinery in place to generate heat. Loss of IL-4/IL-13 signaling by the M2-like macrophages abrogates their ability to upregulate catecholamine synthesis in response to cold exposure. These results demonstrate that resident macrophages may play a key role in response to cold stress.
Weight loss and weight cycling
While lipolysis induced by fasting or caloric restriction initially promotes macrophage recruitment to AT, within a few weeks of weight loss in mice, ATMs become less inflammatory and their numbers remain unchanged (135) . Ultimately, prolonged weight loss in mice results in reduced ATMs (78) . Weight loss in humans has also been shown to reduce the number of macrophages in AT. Following bariatric surgery, there is a greater than 10% reduction in ATMs in subcutaneous AT (25) . Furthermore, the remaining ATMs are less frequently found in CLSs and they start to express the anti-inflammatory cytokine IL-10. In addition, there is a reduction in 30-50% of the inflammatory genes expressed in the SVF (25, 136) . Alternating periods of weight loss and weight gain (weight cycling) is common in humans and has been shown to increase the risk of insulin resistance, diabetes, and cardiovascular disease (137) (138) (139) . We hypothesized that ATM number and/or polarization could contribute to this association (140) . Surprisingly, we found that macrophage number and phenotype were not different in weight-cycled mice compared with those that were equally obese but had not weight-cycled. Instead, CD4 + and CD8 + T cells were increased along with elevated expression of Th1 cytokines. These data demonstrate the complex nature of innate and adaptive immune responses in AT.
Common caveats
The question arises then as to why there are so many disparate results from seemingly identical studies. There are many different elements in the study design that could impact the metabolic outcomes of these immunometabolic studies.
There are some obvious differences between some of the studies mentioned above that make the data sets difficult to compare with one another. These include gender of the mice, percent of fat in the diet, type of fat in the diet, source of the carbohydrate in the diet, and length of the HFD feeding. There are also some differences that may influence results in more subtle but nonetheless important ways. First, the genetic background of the mice is critical.
The most commonly used strain for obesity studies, C57BL/ 6, are obesity and insulin resistance susceptible. In contrast, the 129 strain is obesity resistant (141) . Because the 129 strain is often used to develop knockout models, if mice are not completely backcrossed into the C57BL/6 background, individual mouse susceptibilities to diet-induced obesity can influence their metabolic results. Second, the use of non-littermate controls can impact metabolic results in two ways: (i) there could be slight strain differences because of genetic drift if the wildtype controls are purchased or have been bred separately within the same facility and (ii) the microbiome of mice from different sources could be markedly different. Although incompletely understood, the gut microbiota is currently in the spotlight as a strong contributor to metabolic phenotypes in obesity studies (142) . Other seemingly minor details that should be considered are whether mice are housed singly or in groups, whether mice were from primiparous or multiparous dams (143) , and other events that can impact weight gain of all mice in a particular cage. We suggest that whenever possible, fully backcrossed mice with co-housed littermate controls should be used in immunometabolic studies. There are also other variables within the metabolic analyses that should be carefully considered. First, baseline body weight of the control and experimental mice should be carefully matched, as slight differences can impact their growth curve trajectories independent of their genotype. Second, the length of fast before studies are performed is critical. Ferrante et al. (78) have shown that lipolysis induced by caloric restriction or overnight fast results in a transient increase in ATMs. Thus, all studies should be performed with the same length of fast before analyses. Third, ideally, the amount of glucose and insulin used in glucose and insulin tolerance tests should be matched to lean body mass rather than total body weight. Because obesity can alter the ratio of lean to fat mass and lean mass is the major contributor to glucose uptake, results of studies dosed according to body weight can be easily misinterpreted if one genotype has greater adiposity than the other.
Conclusions
This decade-old field of immunometabolism is indeed flourishing and exciting. Despite some conflicting data, much progress has been made in understanding the role of macrophages in AT and other metabolic organs. Overall, the published studies support the concept that resident macrophages help maintain homeostasis of lean AT, while inflammatory macrophages contribute to insulin resistance in obese AT. Yet, there are still many unanswered questions. What is the primary etiology underlying ATM accumulation in obesity, recruitment-dependent or recruitment-independent mechanisms? Which is more important in ATM contribution to insulin resistance in obesity, the influx of inflammatory macrophages or reduced capacity of resident macrophages to maintain AT homeostasis? Which inflammatory pathways are most relevant to ATMs? How do macrophages interact with other immune cells in the AT? Perhaps most importantly, how can ATMs be modulated to protect against the metabolic effects of obesity? These questions and many others will be the focus of further interest and investigation in the coming years.
